WD repeat-containing protein 5 (WDR5), a member of conserved WD40 protein family, is an essential component of the mixed lineage leukemia (MLL) complexes, which are crucial for numerous key biological processes including methylation of histone H3 lysine 4 (H3K4), self-renewal of embryonic stem cells, and formation of induced pluripotent stem cells. The expression pattern and functional role of WDR5 during porcine preimplantation embryonic development, however, remain unknown. Our results showed that the transcripts and protein of WDR5 exhibited stage-specific expression pattern in porcine early embryos. Moreover, blastocyst rate and total cell number per blastocyst were reduced by RNAi-mediated silencing of WDR5 or pharmacological inhibition of WDR5. Knockdown of WDR5 also disturbed the expression of several pluripotency genes. Interestingly, tri-methylation of H3K4 (H3K4me3) level was dramatically increased by WDR5 depletion. Further analysis revealed that loss of MLL3 phenocopied WDR5 knockdown, triggering increased H3K4me3 level. Simultaneously, WDR5 depletion significantly decreased the levels of histone H4 lysine 16 acetylation (H4K16ac) and its writer males absent on the first (MOF). Last but not least, WDR5 knockdown induced DNA damage and DNA repair defects during porcine preimplantation development. Taken together, results of described studies establish that WDR5 plays a significant For permissions, please journals.permissions@oup.com Requirement of WDR5 in porcine early embryos, 2017, Vol. 96, No. 4 759 role in porcine preimplantation embryos probably through regulating key epigenetic modifications and genome integrity.
Introduction
Preimplantation embryonic development is accompanied by a series of finely tuned cellular and molecular events, including fertilization, maternal mRNA degradation and recruitment, zygotic genome activation (ZGA), compaction, and the first lineage specification to generate inner cell mass (ICM) and trophectoderm (TE). A variety of epigenetic changes take place during preimplantation development to ensure successful reprogramming from highly differentiated germ cells to totipotent embryos, which are able to develop to term [1, 2] . For example, both paternal and maternal DNA are subject to genome-wide active and passive demethylation while substantial reprogramming of histone modifications and incorporation of histone variants occur immediately after fertilization [3] . Aberrant epigenetic reprogramming is closely linked with poor development competency in fertilized embryos and somatic cloned embryos [4, 5] . Thus, understanding the mechanisms underlying epigenetic reprogramming during preimplantation development is a fundamental question in developmental biology.
Histone post-translational modifications compose one of the main types of epigenetic modifications in mammals [6] . Among them, histone methylation is one of the major histone tail modifications and is correlated with transcriptional repression or activation [7] . Histone H3 Lysine 4 (H3K4) methylation is one widely studied epigenetic modification that is linked to actively transcribed genes [8] [9] [10] . In addition, H3K4 methylation is primarily catalyzed by histone lysine methyltransferases (HKMTs) of mixed lineage leukemia (MLL) family including MLL1-MLL4, SET1A, and SET1B [11] [12] [13] [14] . In mammals, these HKMTs are often present within several macromolecule complexes, namely COMPASS and COMPASSrelated complexes, whose central components are made of WARD (WDR5, ASH2, RBBP5, and DPY30) [15] .
WD repeat-containing protein 5 (WDR5) is a central component of MLL/SET methyltransferase complexes and is required for complex assembly and HKMTs activity [16] [17] [18] . It is also a member of WD40 family proteins that contain seven WD repeats (each WD repeat is defined by a conserved region consisting of a short motif of around 40 amino acids with the tryptophan-aspartic acid (WD) dipeptide as the end) [16, 19] . In addition, WDR5 exerts an essential role in assembling of males absent on the first (MOF) acetyltransferase complexes that control the acetylation of H4K16 [20, 21] . Therefore, WDR5 is deeply involved in transcriptional regulation through modulating these key epigenetic modifications.
Functional annotation of WDR5 has been reported in multiple organisms. In Caenorhabditis elegans, WDR5 is required for H3K4 methylation in early embryos and is involved in stabilizing transcriptional repression during sex determination [22, 23] . In Xenopus laevis, knockdown (KD) of xWDR5 led to decreased monomethylation of H3K4 (H3K4me1) and trimethylation of H3K4 (H3K4me3) level and a variety of developmental defects [24] . Disruption of WDR5 affects the methylation of H3K4 in 293 cells [24] . However, the biological role of WDR5 in mammalian preimplantation development has yet to be determined. Recent studies showed that high H3K4me3 level may be associated with poor preimplantation development in pigs [25] and mice [26] [27] [28] . WDR5 also positively correlate with the pluripotency status of embryonic stem (ES) cells and induced pluripotent stem (iPS) cells, suggesting its importance during preimplantation development [29] . We therefore hypothesized that WDR5 plays an important role during porcine preimplantation development.
To test the hypothesis, we characterized the expression profile of WDR5 and determined the functions of WDR5 during porcine preimplantation development by microinjecting small interfering RNA (siRNA) into oocytes. Our results revealed that WDR5 mRNA and protein were detectable throughout oocyte maturation and preimplantation development. Furthermore, attenuation of WDR5 led to reduced developmental potential of porcine embryos, poor blastocyst quality (low total cell number and aberrant gene expression), and increased H3K4me3 signal intensity. Likewise, we demonstrated that MLL3 negatively regulates H3K4me3, suggesting an interaction between MLL3 and WDR5. Results also showed that attenuation of WDR5 led to reduced levels of H4K16ac and MOF, suggesting a role of WDR5 for stabilizing MOF activity. We also documented that WDR5 is required for proper genome integrity. In summary, experimental results described herein provide evidences supporting a crucial role of WDR5 during porcine early development that is likely mediated by regulation of epigenetic modifications and genome integrity.
Materials and methods
All chemicals were purchased from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China) unless otherwise specially stated.
Oocyte collection and in vitro maturation
Oocyte collection and in vitro maturation (IVM) were performed as described previously [30] . Briefly, porcine ovaries were collected from a local slaughterhouse (Hefei Wanrun, Anhui, China), stored in a vacuum flask containing saline, and transported to the laboratory within 2 h at [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] • C. Then, ovaries were washed with saline three times and follicles with 3-6 mm in diameter were aspirated using sterile 10 ml syringes with 18 gauge needles. The cumulus-oocyte complexes (COCs) with more than two-layer intact cumulus cells and homogeneous ooplasm were selected with a stereomicroscope. After washing with IVM medium (Medium-199 supplemented with 10% fetal bovine serum (FBS; Gibco), 10 ng/ml epidermal growth factors, 10% porcine follicular fluid, 10 IU/ml of equine chorionic gonadotropin, 10 IU/ml of hCG, human chorionic gonadotropin, 0.1 mg/ml L-Cysteine) three times, a group of 80-100 COCs were cultured in four-well dishes with 400 μl IVM medium covered with mineral oil. The COCs were cultured for 42-44 h at 38. 
Microinjection
To attenuate endogenous WDR5 mRNA, siRNA of WDR5 was microinjected into the cytoplasm of porcine MII stage oocytes. Three WDR5 siRNA species were purchased to target different sites of porcine WDR5, and nonspecific siRNA was used as a negative control (GenePharma, Shanghai, China). All siRNA sequences used in the present study are shown in Supplemental Table S2 . Microinjection was manipulated in T2 (TCM199 with 2% FBS) medium with 7.5 μg/ml CB on the heating stage of an inverted microscope (Olympus, Japan). Approximately 10 pl siRNA solution (25 μM) was microinjected into cytoplasm of MII stage oocytes, manipulated oocytes were parthenogenetically activated after recovering 30 min in PZM-3 and subject to in vitro culture (IVC). Three control groups (no injection, RNase-free water injection and nonspecific siRNA injection) were designed to test potential effects of the microinjection technique and siRNA toxicity on embryonic development.
Real-time quantitative polymerase chain reaction
To quantify the abundance of mRNA in porcine oocytes and embryos, pools of 20 oocytes or 10-20 embryos were collected at different development stages. Oocytes were collected at germinal vesicle (GV) stage and MII stage. Embryos were collected at following hours after PA: pronucleus (PN): 16 h; two-cell: 32 h; four-cell: 44 h; eight-cell: 82 h; morulae: 104 h; blastocysts: 168 h. Total RNA was extracted according to the manual of RNeasy Micro Kit (Qiagen) and reverse transcribed using QuantiTect Reverse Transcription Kit (Qiagen). Quantitative PCR was conducted using SYBR Green PCR Master Mix (Applied Biosystems) according to manufacturer's protocol on a StepOnePlus Real-Time PCR System (Applied Biosystems). Reactions were carried out under the following conditions: 1 cycle of 95
• C for 10 min and 40 cycles of 95
• C for 15 s, 60
• C for 60 s. Analysis of gene expression employed relative quantification and 2 − CT method. H2AFZ was used as internal control [25] . Three independent experiments were performed in all experiments. The primer sequences used were synthesized by Sangon Biotech Shanghai Co., Ltd. (Shanghai, China) (see Supplemental Table S1 ).
Immunofluorescence staining
Immunofluorescence staining was performed, and the signal intensity was analyzed as described previously [30] . Oocytes or embryos were fixed with 4% paraformaldehyde for 15 min. After washing three times, the fixed oocytes or embryos were permeabilized with 1% Triton X-100 in DPBS for 30 min at room temperature (RT), blocked with 2% bovine serum albumin (BSA) in DPBS at RT for 2 h. Oocytes or embryos were incubated in blocking buffer containing primary antibodies against target proteins overnight at 4
• C.
After washing four times with DPBS for 60 min, oocytes or embryos were incubated for 1-2 h with secondary antibodies in the dark at 37
• C. Finally, oocytes or embryos were counterstained with 1 μg/ml
Hoechst 33342 for 10 min and loaded onto glass slides followed by being covered with a glass coverslip. Samples were imaged using inverted fluorescence microscope (Olympus, Japan). In negative control groups, embryos were processed the same as above except omitting primary antibodies. At least 10 oocytes or embryos per treatment and at least three biological replicates were conducted for each experiment. All information of antibodies is shown in Supplemental Table S3 .
Western blot
Western blot was performed as described previously [32] with slight modifications. Briefly, a total of 200 porcine embryos were collected in 10 μl lysis buffer (Radioimmunoprecipitation assay (RIPA) buffer supplemented with Phenylmethanesulfonyl fluoride) and stored at -80
• C until use. The sample was then mixed with protein sample buffer (Beyotime, China) and heated at 95
• C for 5 min. Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with electrophoresis systems (Tanon, China) at 100 volts (V) for 120-150 min. The proteins were transferred to polyvinylidene fluoride membranes with electrophoretic transfer apparatus (Tanon, China) at 65 V for 120 min. Thereafter, membranes were blocked in blocking buffer (Beyotime, China) for 2 h and were then incubated at 4
• C overnight with primary antibodies.
Membranes were incubated for 1.5-2 h with secondary antibodies after washing three times. Signals were detected with Lumi-Light Western Blotting Substrate (Roche) and images were scanned using VersaDoc Imaging System (Bio-Rad). All information of antibodies is shown in Supplemental Table S3 .
Quantitative analysis of immunofluorescence signal
Quantification of signal intensity for immunofluorescence was performed using Image J software (ImageJ1.43u, NIH). The nuclear area was delineated based on Hoechst 33342 signal. For quantification of the immunofluorescent signal, each nucleus of four-cell embryo was quantified and three different cytoplasmic areas were quantified for normalization. The average pixel intensity of the nuclear areas was generated by subtracting the average pixel intensity of the background areas. The average immunofluorescent intensity of four nuclei represented the immunofluorescent intensity of each embryo. At least 10 embryos of each group were analyzed, and at least three biological replicates were performed for calculation and generating the histograms.
Statistical analysis
At least three biological replicates were conducted in all experiments. Statistical analyses were performed using SPSS software (version 17.0, SPSS). Prior to statistical analysis, the percentage data were subject to arc-sin transformation; however, results were shown as untransformed. Difference between two groups was analyzed by independent-samples t-test, and multiple comparison tests were analyzed by one-way analysis of variance (ANOVA). Data are expressed as mean ± SEM and P value < 0.05 was considered statistically significant.
Results
Characterization of WDR5 mRNA and protein profile in porcine oocytes and preimplantation embryos
Quantitative PCR results showed that the transcript abundance of WDR5 was considerably high in oocytes at GV stage and decreased after meiotic maturation ( Figure 1A ). After PA, WDR5 mRNA abundance was slightly increased, peaked at the PN stage, declined dramatically from two-cell stage, and maintained at a low level in morula and blastocysts. The expression pattern of WDR5 mRNA during meiotic maturation and early embryogenesis is similar to many other known maternal-effects genes essential for early embryonic development [33] [34] [35] , suggesting a maternal origin of WDR5 mRNA ( Figure 1A ). The subcellular localization and abundance of WDR5 protein was explored by immunofluorescence analysis. Results confirmed the presence of WDR5 through porcine preimplantation development ( Figure 1B) . Specifically, WDR5 protein abundance was low in GV and MII oocytes, with no obvious difference between nucleus and cytoplasm ( Figure 1B ). However, WDR5 was present in both cytoplasm and nuclei of blastomeres through morula stage and eventually restricted into nuclei in blastocysts ( Figure 1B) , suggesting a stage-specific role of WDR5 in chromatin regulation. In addition, we did not detect obvious difference in the WDR5 content between the ICM and the TE. Unlike its mRNA, WDR5 protein level does not decrease after oocyte maturation.
Efficient knockdown of WDR5 by microinjection of small interfering RNA into porcine oocytes
To elucidate the functional role of WDR5 during preimplantation development of porcine embryos, commercially available siRNAs against WDR5 was microinjected into porcine oocytes. Noninjected, RNase-free water-injected (sham water) and negative control (NC) siRNA-injected oocytes served as control groups. Quantitative PCR results revealed that endogenous WDR5 mRNA level was significantly reduced by microinjection of siRNA-1 (W1, 70%), siRNA-2 (W2, 30%), and siRNA-3 (W3, 52%) relative to control groups ( Figure 2A) . To increase the specificity of WDR5 KD, a cocktail of W1 and W3 (1:1) was microinjected and reduced WDR5 mRNA levels by more than 80% relative to control groups (Figure 2A ). Thus, "W1+W3" siRNA cocktail was used for all subsequent experiments.
To further validate the efficacy of WDR5 siRNA, immunofluorescence staining was performed to examine WDR5 protein level in porcine preimplantation embryos ( Figure 2B ). Results confirmed that WDR5 protein was nearly undetectable in WDR5-KD groups relative to NC groups ( Figure 2C) . Similarly, the efficacy of WDR5 KD was further confirmed by western blot analysis ( Figure 2D ), indicating a robust KD efficiency of WDR5 siRNA.
WDR5 knockdown impairs porcine blastocyst formation, reduces total cell number, and disturbs expression of pluripotency genes
To ascertain whether KD of WDR5 has effect on porcine preimplantation embryonic development, embryonic cleavage and blastocyst formation were monitored. Results exhibited that KD of WDR5 did not affect the cleavage rates ( Figure 3A) ; however, the blastocyst rate was significantly decreased relative to control groups (39.57% vs. 51.01% and 49.51%; Figure 3B ). Analysis of the average total cell number of blastocysts showed that it was dramatically reduced in Figure 3C and D); however, no difference was observed at morula stage (see Supplemental Figure S1 ). To further validate these results, another "loss of function" approach was used with supplementation of WDR5 antagonist (WDR5-0103) into the IVC medium of porcine embryos. Similarly, WDR5-0103 dramatically decreased the proportion of embryos reaching blastocyst stage and reduced the total cell number per blastocyst (see Supplemental Figure S2) . These results clearly demonstrate an impaired ability of porcine embryos to reach the blastocyst stage after deleting WDR5, indicating an important functional requirement of WDR5 during porcine early embryogenesis.
WDR5-
WDR5 is involved in regulation of pluripotency in mouse ES cells, we then sought to examine if this role is conserved in preimplantation embryos. Expression of selected pluripotency genes (POU5F1, SOX2, KLF4, MYC, and NANOG) was measured by quantitative polymerase chain reaction (qPCR) in WDR5-KD and control groups. Interestingly, POU5F1 expression was upregulated while expression of SOX2, KLF4, and NANOG was downregulated ( Figure 3E ), suggesting involvement of WDR5 in maintaining correct regulatory network of pluripotency genes in vivo.
WDR5 knockdown triggers abnormal H3K4me3 in porcine preimplantation embryos WDR5 is well known as a central component of MLL complex and required for H3K4 methylation. We, therefore, hypothesized that WDR5 KD led to incorrect methylation of H3K4, and thus may account for reduced developmental potential of porcine early embryos. To test this hypothesis, immunofluorescence analysis was first performed against H3K4me1, H3K4me2, and H3K4me3. Results showed that H3K4me1 and H3K4me2 were easily detected throughout preimplantation development; however, H3K4me3 was seen in one-cell and two-cell but barely detectable in nuclear area after four-cell stage, in consistent with a recent report [25] . In addition, subcellular localization and signal intensity of H3K4me1 and H3K4me2 was not changed ( Figure 4A-D) ; however, H3K4me3 level was greatly increased in WDR5-KD embryos relative to controls ( Figure 4E and F) , suggesting WDR5 inhibits the enzymatic activity of HKMTs on H3K4me3 in MLL complexes.
To further determine which HKMTs is involved in WDR5 KDinduced high H3K4me3 level, we first characterized the mRNA expression profile of six MLL/SET family members (MLL1-4, SET1A, and SET1B) during porcine preimplantation development. Results revealed that MLL3 exhibits a dominant expression profile relative to others in both porcine oocytes and preimplantation embryos, suggesting a critical role of MLL3 during porcine early development (see Supplemental Figure S3A -H). Similar to WDR5, MLL3 mRNA level was reduced after oocyte maturation, increased following activation until two-cell stage, and then decreased afterwards ( Figure 5A ).
In order to further examine if MLL3 is responsible for H3K4 methylations, siRNAs were designed and microinjected into porcine oocytes and KD efficacy was verified (see Supplemental Table S2 ). Results confirmed robust KD efficiency of MLL3 siRNA in porcine embryos ( Figure 5B ). However, we were unable to obtain appropriate MLL3 antibodies to evaluate KD efficiency at protein level. Surprisingly, immunofluorescence analysis showed that H3K4me1 and H3K4me2 signal intensity was not changed, while H3K4me3 signal was greatly increased in MLL3-KD embryos ( Figure 5C -E), suggesting MLL3 is not responsible for H3K4 methylations. These effects on histone methylations phenocopy loss of WDR5, Figure 1 . The mRNA and protein profile of WDR5 in porcine oocytes and preimplantation embryos. (A) WDR5 mRNA levels were analyzed by qPCR for oocytes at germinal vesicle (GV) and metaphase II (MII) stages and embryos from pronucleus (PN), two-cell (2C), four-cell (4C), eight-cell (8C), morula (MO) and blastocyst (BL) stages (10-20 oocytes/embryos per pool, n = 3 replicates). Data were normalized to H2AFZ, and the value at PN stage was set as 1. Results are presented as mean ± SEM and different letters indicate significant differences (P < 0.05). (B) Endogenous WDR5 protein was detected by immunofluorescence in porcine oocytes and early embryonic stages (10 oocytes/embryos per pool, n = 3 replicates). WDR5 (green), nuclei (blue). Scale bar = 100 μm.
implying MLL3 potentially mediates WDR5's regulation of H3K4me3 in porcine preimplantation embryos.
WDR5 ablation decreases the abundance of MOF and H4K16ac in porcine embryos
Previous studies showed that WDR5 directly interacts with MOF, which is a H4K16-specific acetyltransferase [36, 37] . We then sought to determine if MOF activity was altered in response to WDR5 ablation. Immunofluorescence analysis herein showed that MOF protein level was obviously reduced after WDR5 KD in porcine embryos ( Figure 6A and B) . Correspondingly, immunofluorescence results indicated that H4K16ac level was significantly decreased in WDR5-KD group relative to control groups ( Figure 6C and D) , suggesting WDR5 is required for proper functioning of MOF in catalyzing H4K16 acetylation in porcine embryos.
Reduction of WDR5 induces DNA damage, disturbs DNA damage response and DNA repair in porcine blastocysts
Reduced level of H4K16ac is correlated with a defective DNA damage response (DDR) and double-strand break (DSB) [38] . Aberrant DNA damage and repair leads to reduced blastocyst rate and total cell number per blastocyst in porcine preimplantation embryos [39] . To determine if DNA damage and repair was normal in WDR5-KD embryos, immunofluorescence against γ -H2AX and qPCR for DNA damage responsive genes was performed (Figure 7A-D) . Gamma-H2AX is the marker of DNA DSB at the site of DNA damage [40] . (E) Expression of key pluripotency genes was detected by qPCR (10 blastocysts per pool, three independent replicates). Data were normalized to H2AFZ, and the value in NC siRNA-injected group was set as 1. All data are presented as mean ± SEM. * P < 0.05, * * P < 0.01, * * * P < 0.001. Different letters indicate significant differences (P < 0.05). As seen in Figure 7B , above 60% of the WDR5-KD blastocysts exhibited more than 10 γ -H2AX foci, while the corresponding controls have only 15% (Figure 7B ), indicating an increased DNA damage. Ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia and Rad3 related (ATR) are two genes responsive to DNA damage [41] . ATM remained normally; however, ATR was elevated in WDR5-KD blastocysts relative to controls ( Figure 7C) . Expression of selected genes of DSB repair pathway (RAD51, BRCA1, MRE11A, XRCC6, PRKDC, and 53BP1) was also examined [41] . As shown in Figure 7D , homologous recombination (HR) Figure 5 . Effect of MLL3 KD on H3K4me1, H3K4me2, and H3K4me3 in four-cell embryos. (A) Quantitative PCR was performed to analyze the relative abundance MLL3 mRNA in oocytes GV and MII stages and embryos at PN, 2C, 4C, 8C, MO, and BL stages (10-20 oocytes/embryos per pool, three independent replicates). Data were normalized to H2AFZ, and the value in PN stage was set as 1. The data are presented as mean ± SEM, and different letters indicate significant differences (P < 0.05). (B) KD efficiency of MLL3 siRNA was validated by qPCR. Data were normalized to H2AFZ, and the value in NC siRNA-injected group was set as 1. Average value of fluorescence intensities of H3K4me1 (C), H3K4me2 (D), and H3K4me3 (E) was measured in control and MLL3 KD groups. Data are expressed as mean ±SEM. * * * P < 0.001.
repair-related BRCA1 and MRE11A were significantly downregulated in WDR5-KD blastocysts relative to control groups, suggesting a defect of HR. Collectively, these results imply that WDR5 is involved in DNA repair during porcine preimplantation development.
Discussion
WDR5 is one member of the WD40 family proteins, which is involved in a variety of biological processes including signal transduction, transcription regulation, cell cycle control, autophagy, and apoptosis [42] . Recently, several proteins in WD40 family (WDR36, WDR74, and WDR82) have been identified to be essential for early embryonic development in mammals [43] [44] [45] . However, whether WDR5 is required for preimplantation development is still unclear.
In the present study, we have uncovered the role of WDR5 in porcine preimplantation embryos and established that WDR5 regulates preimplantation development potentially by controlling proper epigenetic modifications and genome integrity. This work presented here, to our knowledge, represents the first report characterizing the function of WDR5 in mammalian early embryos.
Given the transcriptional quiescence prior to ZGA, preimplantation development is largely dependent on maternal factors, including mRNAs, proteins, and energy substrates [46] . Indeed, we have recently demonstrated several maternal genes, namely SMAD2, SMAD3, and SMAD4, which are required for successful preimplantation development in cattle [32, 47] . Here, WDR5 expression pattern was similar to other known maternal genes [33] [34] [35] . Interestingly, RNA sequencing (RNA-seq) data (GSE44183, NCBI) showed that mouse Wdr5 mRNA level is stable, while human WDR5 mRNA level is elevated after four-cell stage during preimplantation development (see Supplemental Figure S4 ). Taken together, these data may suggest species-specific role of WDR5 in preimplantation development. Results also showed gradual restriction of WDR5 protein from cytoplasmic to nuclear area, suggesting stage-specific role of WDR5.
Results showed that WDR5 KD in porcine embryos had no effect on development to the morula stage, but blastocyst formation disturbed. Moreover, the average total cell number per blastocyst was reduced in WDR5 KD embryos. The fact that a fraction of WDR5 siRNA-injected embryos developed to the blastocyst stage normally may be due to siRNA degradation or incorrect injection of the WDR5 siRNA. Unfortunately, we were unable to differentiate a blastocyst with low WDR5 expression, but we can weaken this effect by increasing the sample size in the present study. The ultimate goal of preimplantation development is to reprogram extremely differentiated chromatin of germ cells to totipotent chromatin of embryos and eventually give rise to a pluripotent ICM enclosed by a layer of TE cells. In the present study, KD of WDR5 decreased the blastocyst rate and total cell number per blastocyst and disrupted expression of several pluripotency genes, suggesting a defect in chromatin reprogramming. In consistent with our work, Wdr5 positively correlates with the pluripotent status of mouse ES cells and regulates their self-renewal by binding the pluripotency factor Oct4 [29] . In addition, Wdr5 is necessary for the efficient formation of mouse iPS cells [29] .
WDR5 plays a key role in MLL methyltransferase complexes. Indeed, reduction of WDR5 promotes global decreases of H3K4me1/H3K4me2/H3K4me3 in mammals [16] [17] [18] . For example, in mouse ES cells, Wdr5 depletion reduces the global H3K4me3 levels by more than 50% [29] . Interestingly, the results showed that the H3K4me3 level was dramatically increased in WDR5-KD embryos, suggesting WDR5 inhibits the enzymatic activities of MLL complexes. Indeed, a recent study found that the MLL3 complex without WDR5 exhibits 100-fold more H3K4me1 activity than that of the complex assembled with WDR5 [48] . Results showed predominant expression of MLL3 among all HKMTs (see Supplemental Figure S3 ), suggesting its major role in H3K4 methylation. This expression profile is also consistent with the one of mouse preimplantation embryos [49] . Surprisingly, MLL3 deletion resulted in Figure 7 . KD of WDR5 induces DNA damage and disrupts expression of genes related to DNA damage response and DNA repair pathways in porcine blastocysts. (A) Double-strand breaks of DNA were analyzed with anti-γ -H2AX by immunofluorescence in control and WDR5 KD blastocysts. Representative fluorescent images of control and WDR5 KD blastocysts are shown (at least 10 blastocysts per treatment; four independent replicates). Gamma-H2AX foci (green, marked with white arrows), nuclei (blue). Scale bar = 200 μm. (B) The proportions of blastocysts with various numbers of γ -H2AX foci in the nuclei are shown (50 blastocysts performed in each groups). Relative expression of genes related to DDR pathway (ATM and ATR) (C) and DNA repair pathway (HR and NHEJ) (D) was detected by qPCR in control and WDR5 KD blastocysts. Data were normalized to H2AFZ, and the value in NC siRNA-injected group was set as 1. Data are presented as mean ±SEM.
* P < 0.05, * * * P < 0.001.
increased H3K4me3 level, implying that MLL3 is not responsible for establishing H3K4me3. Indeed, recent work showed that no remarkable change in global H3K4me1 or H3K4me3 was observed in Mll3-or Mll4-deficient embryos [49] . Future research should be directed towards identification of the HKMT that catalyzes H3K4me3 and its relationship with WDR5. However, the increased H3K4me3 level defined here may be the reason of poor development in porcine embryos since a recent study reported that H3K4me3 level is negatively associated with reduced blastocyst rate and total cell number per blastocyst in pigs [25] . MOF is a histone acetyltransferase that specially acetylate H4K16 in mammalian cells and is essential for progression of periimplantation embryonic development [36, 50] . WDR5 directly interacts with MOF and is required for assembling MOF/non-specific lethal (NSL) acetyltransferase complexes [20, 21, 37] . Our results documented that the H4K16ac level was significantly reduced in WDR5-KD embryos. Correspondingly, reduced MOF signal was also noted in response to deletion of WDR5, implying WDR5 is required for the enzymatic activity of MOF.
Reduced level of H4K16ac is correlated with a defective DDR and DSB repair [38] . Histone H2AX is phosphorylated at the site of DNA damage and thus used as a marker of DNA damage [51] . As predicted, increased DNA damage was observed in WDR5-KD blastocysts. ATM and ATR are two major regulators of the DDR [52] . Histone H2AX can also be phosphorylated by activated ATM and ATR at the sites of DSB formation [53, 54] . Homologous recombination and nonhomologous end joining (NHEJ) are two main DSB-repair pathways in mammalian cells [55] . Typically, HR or NHEJ pathways should be activated when DNA damage occurs. However, we found that ATR level was increased, while BRCA1 and MRE11A were both downregulated after WDR5 KD, suggesting these genes are regulated by WDR5 transcriptionally and the effects are independent of each other. Future work should be directed towards determining if the physical interaction between these proteins was disturbed after WDR5 deletion. Collectively, these data suggest that WDR5 is involved in DDR and DSBs repair that maybe mediated by regulation of MOF activity in porcine embryos.
In conclusion, the present work revealed that KD of WDR5 impaired subsequent blastocyst formation and total cell number presumably by regulation of epigenetic modifications and genome integrity. We documented that WDR5 deficiency in porcine early embryos causes a declined developmental potential to blastocyst stage. WDR5 is required for correct level of H3K4me3 likely through regulation of MLL3 and involved in maintaining H4K16ac level possibly by regulation of MOF activity in porcine embryos. WDR5 depletion also led to a defect in genome integrity, which warrants future analysis.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Effect of WDR5 knockdown on porcine morula development. The developmental rate of morula (A) and average total cell number per morula (B) were determined in control and WDR5 knockdown groups. The value of NC siRNA-injected group was set as 1. Data are presented as mean ±SEM. Figure S2 . Effect of WDR5 antagonist on early porcine embryonic development. MII oocytes were performed parthenogenetic activation followed by culturing in the PZM-3 medium that supplemented with WDR5 antagonist WDR5-0103 or DMSO (vehicle control) or serving as untreated control. Cleavage rates (48 h post PA) (A), blastocyst rate (168 h post PA) (B), and total cell number per blastocyst (C) were determined for each treatment groups (at least 30 oocytes per treatment; four independent replicates). Data are presented as mean ±SEM. Different letters indicate significant differences (P < 0.05). * * P < 0.01, * * * P < 0.001. Figure S3 . Relative expression of genes encoding histone lysine methyltransferases in porcine oocytes and preimplantation embryos.
(A-H) The expression patterns of MLL1-4, SET1A, and SET1B were analyzed by qPCR in oocytes from germinal vesicle (GV) and metaphase II (MII) stages and embryos from pronucleus (PN), twocell (2C), four-cell (4C), eight-cell (8C), morula (MO) and blastocyst (BL) stages. The value of expression level of MLL1 was set as 1. The data are presented as mean ± SEM. * * P < 0.01, * * * P < 0.001. Figure S4 . Expression pattern of WDR5 mRNA in mouse and human oocytes and early embryos. (A) Mouse Wdr5 mRNA abundance (reads per kilobase per million) was analyzed by RNA sequencing (RNA-seq) data (GSE44183, NCBI) in oocytes and embryos of pronucleus (PN), two-cell (2C), four-cell (4C), eight-cell (8C), and morula (MO) stages. (B) Human WDR5 mRNA abundance (reads per kilobase per million) was analyzed by RNA-seq data (GSE44183, NCBI) in oocytes and embryos of PN, 2C, 4C, 8C, and MO stages. Data are expressed as mean ± SEM and different letters indicate significant differences (P < 0.05). Figure S5 . Colocalization of WDR5 in both cytoplasm and nucleus of porcine four-cell embryos. WDR5 protein (green), nuclei (blue). White circles show nuclei areas. Figure S6 . Effect of WDR5 knockdown on expression of pluripotency genes and DNA damage response genes. Key pluripotency genes (A) and genes related to DDR pathway (B) were detected by qPCR (10 blastocysts per pool, three independent replicates). Data were normalized to H2AFZ, and the value in NC siRNA-injected group was set as 1. All data are presented as mean ± SEM.
* P < 0.05, * * P < 0.01, * * * P < 0.001. Table S1 . Primer sequences for qPCR. Table S2 . Small interfering RNA sequences of target genes. Table S3 . Antibody informations. Table S4 . Effect of WDR5 knockdown on porcine embryo development.
